Abstract -This paper presents a fiber-based Fabry-Perot interferometer to determine dynamic displacement such as in vibration tracking of an oscillating target. This sensor exploits the dual-cavity principle in the sensing arm to achieve nonambiguous directional displacement measurements and has a measurement range of ~120 μm for a sinusoidal excitation signal up to 125 Hz. By adopting a modified fringe counting technique to take into account all the appropriate points over the two sets of interference signals thereby generated due to target movement, a resolution of ~40 nm can be achieved. The results obtained from the fiber interferometric sensor employed to measure various displacement signals show good agreement with prediction.
I. INTRODUCTION
Fiber optic sensing technology as it is today provides many potential solutions to various research, industrial and military applications. These sensors offer major advantages in such areas as size, immunity to electromagnetic and radiofrequency interferences, accessibility to difficult areas and, in particular, extreme sensitivity and their multiplexability for distributed and multiparameter sensing, criteria which cannot be achieved with traditional sensing technology [1] [2] [3] [4] [5] . Generally, modulation to the optical properties (such as the intensity, optical phase, wavelength, decay time) of the guided light due to any physical disturbance can be conveniently detected and processed to extract the desired parameter or measurand.
In certain applications where precision measurements are required, fiber interferometers can often be exploited due to their excellent sensitivities and high resolution [6] . Fiber equivalents of the Mach-Zehnder and Michelson interferometers have been used in numerous applications for measuring dynamic strains, and temperature, etc [7] [8] [9] [10] . Nevertheless, both of these interferometers require an additional reference interferometer arm which has to be isolated from the measured parameter as well as from the measuring environment. Fiber Fabry-Perot interferometers (FFPIs), on the other hand, enables greater flexibility in sensor configuration either as an intrinsic-type or an extrinsic-type device [11] . The FFPI offers excellent sensitivity to axial displacement/strain while offering minimal cross-sensitivity to temperature variations since light remains guided along one sensing arm which also serves as the reference [12] . This implies minor perturbations to the fiber probe and hence relatively lesser degradation of the measurement. Hence, because of their highly flexible configuration permitting sensing in relatively inaccessible environments and simple setup, FFPIs have found applications in vibration analysis [13] , displacement [14] , axial strain measurements [15] , in particular, and in smart materials characterization [16] .
However, all interferometers suffer the common problem of directional ambiguity in fringe motion when the measured target changes direction since the output interference signals are cosinusoidal in nature [6] . Possible solutions include additional or multiple interrogating cavities [17] , multiple wavelength [18] and quadrature phase-shifting techniques [18] [19] [20] . The latter technique is preferred since phase-shifting circuits are considered relatively simple to develop and use. The interference fringes are detected as an electrical signal and fed back into a comparator circuit to generate the desired quadrature condition. However, considerable inconvenience or even errors can arise when the phase shift between the detected and reference signals moves out of the quadrature condition (due to frequency drifts in the local oscillators used) and, hence, more complicated and costly electronic circuitry has to be employed as compensation [21] .
In this paper, we propose a sensor based on the extrinsic fiber Fabry-Perot interferometer for measuring dynamic displacements. Instead of electronically producing the quadrature condition by feeding back the original interference signal into a feedback loop, we demonstrate the possibility of obtaining the λ/4 phase shift via a simple technique using widely available optical components in the sensing cavity of the interferometer. By exploiting the orthogonality properties of the injected fundamental mode, a dual-cavity is generated in the single sensing arm of the interferometer thus allowing the desired quadrature condition to be achieved simply by retarding one set of orthogonal interference signal with respect to the other [22] . This quadrature phase is thus robust, stable and immune to oscillator frequency shifts unlike in most electronic phase shifting techniques and enables directional ambiguity in this system to be eliminated. Consequently, it also allows the resolution of the interferometric sensor to be improved.
II. OPERATING PRINCIPLE OF DUAL-CAVITY FFPI
In this section, the principles involved in obtaining the functionality of a dual-cavity in the unique sensing arm as well as the resulting operation of the dual-cavity extrinsic fiber 1-4244-0828-8/07/$20.00 © 2007 IEEE.
Fabry-Perot interferometer (dual-cavity FFPI) are briefly described.
The dual-cavity FFPI is here considered as a two-beam device due to the relatively poor reflectivity (of ~28 %) of the sensing surface employed, giving an approximate finesse of approximately 2.31. The Fabry-Perot interferometer has a relatively simple construction and consists of an optical fiber serving as the sensing arm where a certain amount of the propagating lightwave is reflected at the fiber-air interface to result in a reference signal which can be detected by a photodetector at an output port of the system. The rest of the lightwave not reflected at this end is transmitted in an air cavity, known as the sensing cavity, and allowed to incident onto another surface, known as the target. Reflection from the target is next retro-injected into the sensing fiber and combines with the reference signal to produce interference fringes at the detector. As in any homodyne detection system, when the target is stationary, no modulation to the interference is detected since no "apparent" optical path difference (OPD) is generated. However, when the target starts to displace in a certain direction or vibrates, the OPD is caused to vary from the original stationary position and this results in an optical phase variation which can be measured accordingly as
where
= change in optical phase following changes in the OPD; = minute variation in sensing cavity, given by 2d for one round trip in this cavity; = refractive index of sensing cavity = 1 in air; = sensing wavelength; = incident angle of sensing beam.
For simplicity, we consider that the sensing cavity is air and n is constant over the sensing period. The sensing beam also impacts on the target surface at perpendicular incidence, hence, the "cos α" term equals 1. The resulting phase shift is then represented by the right-most term in (1) .
A typical interference signal is cosinusoidal in nature consisting of a dc component modulated by an ac component containing the optical phase term. This can be written as
with I r the intensity ot the reference beam reflected from the fiber-air interface, I s that of the sensing beam back-reflected into the sensing fiber off the target surface in motion and, Δφ = (φ r -φ s ), the phase change modulated by the "cos" term given by (1) . Such a signal, however, gives no directional information on the target. In order to produce a phase shift optically, an optical element can be introduced into the sensing cavity to decompose the fundamental mode into its two orthogonal components and, with an appropriate retardation corresponding to the injected wavelength, a phase shift of λ/4 or π/2 can be induced, leading to the desired quadrature condition. These two components can be caused to interfere with their respective reference components reflected off the first interface. The resulting two sets of interference signals can then be easily measured with two photodetectors via a polarizing coupler or splitter. This principle is demonstrated in Fig. 1 . In Fig. 1(a) , two sets of interference fringes corresponding to the parallel and perpendicular components, Ɯ // and Ɯ ⊥ , respectively, are shown to be in phase, i.e. no phase shift is created. However, by inserting a birefringent element such as a waveplate into the sensing cavity, a shift in phase between Ɯ // and Ɯ ⊥ is generated. If the reference also contains these two components, then the reflected fields from the target surface can be made to interfere within the fiber arm. Consequently, two sets of interference signals can be produced with a phase shift which is arbitrary and, hence, can be easily manipulated into quadrature. This optically generated quadrature condition is almost completely free from any crosstalk since only the corresponding Ɯ // and Ɯ ⊥ fields can interfere. In addition, it is highly constant/robust since no electronic oscillators and, hence, no frequency drifts which affect the quadrature condition are involved. Fig. 1(b) shows the λ/4 phase shift between the two sets of interference components thus produced by this technique and, similar to the electronically generated quadrature point, can be used to eliminate any directional ambiguity. Therefore, for a target moving away from the sensing fiber, the temporal difference between these two signals, Δt, corresponding to the quadrature condition is positive. When the target moves toward the fiber, one sees that Δt is negative. This change in sign is due to the Doppler effect as seen by the sensor, leading to a phase-lead or a phase-lag in the measured signals according to the target direction. It should also be noted that both Δt on opposing halves of the interference fringes are of equal magnitude and constant, thus justifying our prediction on the robustness of this optical quadrature condition.
We can thus measure two inter-dependent intensities for these two sets of interference signal given by the phase differences between the reference and sensing beams corresponding to the parallel and perpendicular interference components, respectively. As shown in Fig. 1(b) , the optically-imposed phase difference resulting in the desired quadrature condition is thus Δφ 2 = Δφ ⊥ − Δφ // .
To demodulate these interference signals, the "bucketbin" fringe counting method [23] was modified to perform multiple sub-division as well as to take into account the peaks and valleys of the interference fringes thus measured. In this method, the mean intensity value from the input signal is first identified to allow location of the point where the signal crosses this value: where I max and I min are the maximum and minimum intensity values of the detected interference signal. As illustrated in Fig.  2 , two zero-crossing points are generated on two sides of the fringe and are denoted as X l (left position point) and X r (right position point). Two further points each for the lower and upper levels where the mean intensity crosses over are also calculated: X lo and X ro for the lower level; X lu and X ru for the upper level. These are then are used to determine the exact crossing-over points, X l and Xr, respectively according to Four crossing points (X l , X r , X max and X min ) can thus be obtained for each period of the interference fringe. Further, by sub-dividing each intensity into 4 levels for both interference fringes, 16 crossing-over points can therefore be generated, resulting in a resolution of λ/32 for the dual-cavity FFPI sensor. A software program was also written for the signal detection and level sub-division in order to simplify and give a relatively fast response in displacement measurement. Fig. 3 illustrates the logic adopted in the algorithm used for signal demodulation to a λ/32 resolution. This is possible because the quadrature phase shift generated is highly stable in this work. In this manner, for an injected wavelength of 1310 nm, a usable resolution of ~40 nm can be obtained for each demodulated step of the displacement measured by the dualcavity FFPI sensor.
III. EXPERIMENT AND RESULTS
The experimental configuration of the dual-cavity FFPI sensor used in the following measurements for dynamic displacements of a target surface is illustrated in Fig. 4 . Monochromatic light forming the fundamental mode to be decomposed was emitted by a DFB-type fiber pigtailed laser diode (Modulight, Inc.) at a relatively stable wavelength of 1310 nm and launched into a 1 x 2 fiber coupler with the farend terminated by an FC/APC connector. An optical isolator has been integrated into the laser diode to reduce optical feedback into the laser cavity which, otherwise, could lead to perturbations and anomalies in operation of the laser. A 1m length commercial SMF28 singlemode optical fiber patchcord (near-end FC/APC terminated and far-end FC/PC terminated) was used as the sensing fiber and transmitted the injected wavelength to the fiber-air interface where approximately 4% of this mode, comprising the reference Ɯ //r and Ɯ ⊥r fields, was reflected back into the fiber. The rest of the lightwave was then allowed to traverse the sensing cavity in air and impinged on a target surface. A micro-prismatic retro-reflective sheeting was used as the surface in this work to ensure that the sensing wave was retro-injected into the sensing fiber at perpendicular incidence as well as at a wide range of incident angles (up to ~30°). An optical birefringent element such as a waveplate was inserted into this cavity to optically create the quadrature phase shift between the Ɯ //s and Ɯ ⊥s fields of the fundamental mode. These are also the sensing components described by (2) and (3) in Section II. The re-injected sensing beam containing the orthogonal components were then brought to interfere with their respective reference fields in the sensing fiber. Two sets of interference signals which are inter-dependent due to the quadrature condition were then allowed to propagate to the output port of the fiber coupler where they were finally detected by two identical photodectors (Thorlabs A410 highspeed photodetectors). A polarizing beam splitter cube was used throughout the experiment to facilitate the splitting of the two sets of parallel and orthogonal interference signals. A collimator with 99.5% anti-reflection coating films was used at the end of the sensing fiber and this allowed operation of the sensor at an extended sensing distance. A photograph of sensing head is shown in Fig. 5 below positioned at approximately 12 cm from the intended target surface. To generate dynamic displacements, the retro-reflective surface was attached to the vibrating arm of a PASCO Scientific SF-9324 wave driver which was driven by a classical function generator at various excitation amplitudes. The function generator also allowed various waveforms to be generated. The ensuing interference signals detected by the photodetectors are then recorded by a digital oscilloscope before being transferred to a dedicated computer. Using the simple signal processing method as described earlier, the target displacement as well as its directional sense were then obtained. In addition, a reference displacement sensor (Philtec D63 fiber optics displacement sensor) with was used to confirm the experimental data obtained using our sensor. The reference sensor has a sensitivity of -2.786 mV/μm and was operated in the far-field (with a far-field noise limit of ~400 nm) in order to be able to track the extended measurement range studied in this work.
To verify that the interferometric sensor was capable of detecting dynamic displacements of various nature, a series of different displacement waveforms was first generated via the wave driver and the dynamic data observed on the oscilloscope. Figures 6, 7 and 8 demonstrate the ability of the sensor to detect sinusoidal, square and triangular excitations at ~125 Hz but at different excitation amplitudes. Channels 1 and 2 are the quadrature phase-shifted interference fringes corresponding to the Ɯ // and Ɯ ⊥ interfering field components, respectively, while Channel 3 is the displacement profile measured by reference sensor. The excitation waveform is represented by Channel 4. For sinusoidal excitation waves, the signals are "classical" and for a fixed frequency, the number of interference fringes increases with respect to the excitation amplitude employed. In Fig. 6 , an excitation amplitude of 264 mV has been used. The two sets of interference signals are quadrature phaseshifted. Due to the nature of square excitation, interference is generated only when the target is displaced within a very short period of time corresponding to the rising and falling edges of the square waveform. This also explains why the interference fringes were spaced more closely together for approximately the same excitation amplitude relative to the sinusoidal excitation in Fig. 6 . For triangular excitation as shown in Fig. 8 , the interferometric sensor was also found capable of detecting the resulting target movement without any directional ambiguity. Essentially, for all three waveforms investigated, the quadrature phase shift condition has been maintained. Note that any discrepancies incurred during this series of test could be easily explained by the mechanical nature of the wave driver going out of synchronization with respect to the excitations injected (in terms of compromise between excitation frequencies and amplitudes).
The dual-cavity interferometric sensor was then used to investigate an extended range of the three waveforms employed as signal excitation. Although it is possible to vary their frequencies, we opted to keep this parameter constant at 125 Hz while varying the excitation amplitudes from 0.1 to 5 V for all three waveforms.
At each excitation amplitude, measurements were carried out over 20 times from which the incurred measurement errors could then be calculated and compared to a reference displacement measured by the reference sensor. For sinusoidal excitation, we obtained a displacement range of ~0.7 μm -81.65 μm, the lower end of this range corresponding to half the wavelength of the laser source used. The average error was estimated to be 0.35% over the entire dynamic range. The average precision of our interferometer was found to be ~0.34 μm although at a displacement of 0.7 μm, the precision was ~20 nm, better than the resolution of the reference sensor.
For square-wave excitation, the displacement range has been extended to ~139 μm with an average displacement error of ~0.2%. A similar set of precision values for these measurements was also found (~0.34 μm and 20 nm at the lower displacement range, respectively). Obviously, certain anomalies have been observed for square waveforms since at higher frequency ranges and at high voltage amplitudes, the wave driver was no longer fully synchronized to the excitation signal from the function generator.
In the case of triangular excitation, a maximum displacement of ~81.65 μm was measured with an average error of 0.2 μm. We also obtained an average precision of 0.2 μm for this waveform. Similarly, a precision of 16 nm was found for the lower-end of the displacement range (0.718 μm).
The three sets of displacements corresponding to the excitation signals used are plotted in Fig. 9 together with their associated errors in the form of error bars.
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IV. CONCLUSION
A dual-cavity extrinsic fiber Fabry-Perot interferometer exploiting the orthogonal polarization properties of the fundamental injected wavelength has been demonstrated for measuring dynamic displacement over a relatively wide displacement range up to 139 μm. The uniqueness of generating the quadrature phase shift condition optically has the advantages of being highly stable and allows the movement of a vibrating target to be easily determined, hence overcoming any directional ambiguity. The interferometric sensor has an intrinsic resolution of 40 nm due to the modified fringe counting method adopted in this work and has been shown to be capable of measuring displacements of various waveforms or profiles and with relatively high accuracy.
Although the precision of the sensor can be further improved, the corresponding values obtained especially in the lower displacement range demonstrate the potential performance of this system for high precision vibration analysis. Further work will investigate the stability of the laser diode used over the entire operating time which might be a consequence of the "poor" precision values obtained. ACKNOWLEDGMENT S. P. acknowledges the financial support of the Royal Thai Government in the form of a PhD scholarship.
